For instance, in previous works on nanostructured surfaces, we have shown that surface roughness or the nitrogen doping state are critical factors affecting both, the WCA of the original samples before illumination [32] and their response when using visible light [33, 34] . A first goal of the present work is to study the effect of visible light illumination of N-doped TiO 2 in an attempt to unravel the effect of both, surface topography and chemistry, on the wetting behaviour. For this purpose, we have considered the classical model of Wenzel to account for the influence of surface roughness on the wetting contact angle. In the course of this investigation, we have found that the light-induced hydrophobic/superhydrophilic conversion is exclusively linked to the chemical and morphological
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TiO 2 is a well-known material because of its wide use in numerous applications such as photo-anode in photo-electrochemical cells, photo-catalyst, anode in hybrid photovoltaic cells or coating for selfcleaning applications [1] [2] [3] [4] . Yet, TiO 2 has an important drawback regarding solar energy applications as it only shows a selective response to the UV region of the solar spectrum, which only accounts for 5% of the collected light on earth. To address this problem, many works have attempted to dope this wide band gap semiconductor (3.2 eV) [5] to shift its photo-response onset towards the visible light region [6] [7] [8] [9] [10] [11] . According to Asahi et al. [6] , the presence of a small amount of N in the TiO 2 network alters the band gap structure and triggers the photo-response of the material under visible light illumination. After this seminal work, many other papers have dealt with this issue [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] finding that, besides composition and crystallographic structure [22] , surface morphology could also play an important role in the photo-activity of this oxide. However, experimental evidences on this issue are still under discussion as their relevance seems to strongly depend upon the particular photo-activity test employed [23] .
A typical surface photo-activity test concerns the wetting behaviour of TiO 2 surfaces upon illumination: as it was first demonstrated by Wang et al. [3] , the wetting behaviour of flat TiO 2 surfaces evolves from a hydrophobic to a superhydrophilic state when samples are illuminated with UV-light. Although this study was carried out more than a decade ago, the physicochemical processes responsible for the reversible conversion between these two states are still a matter of debate [24] [25] [26] [27] [28] [29] [30] [31] .
For instance, in previous works on nanostructured surfaces, we have shown that surface roughness or the nitrogen doping state are critical factors affecting both, the WCA of the original samples before illumination [32] and their response when using visible light [33, 34] . A first goal of the present work is to study the effect of visible light illumination of N-doped TiO 2 in an attempt to unravel the effect of both, surface topography and chemistry, on the wetting behaviour. For this purpose, we have considered the classical model of Wenzel to account for the influence of surface roughness on the wetting contact angle. In the course of this investigation, we have found that the light-induced hydrophobic/superhydrophilic conversion is exclusively linked to the chemical and morphological properties of the outmost surface layers, which tentatively we will called shallow photo-activity, while other photo-activity tests, such as the photo-catalytic degradation of dye molecules, involve a relatively thicker layer of surface material with well-defined TiO 2 stoichiometry. Consequently, we conclude that each photo-active response of the material is mediated through different mechanisms acting on different spatial scales on the outmost surface layers of the films. Nanostructured N-TiO 2 surfaces were prepared in two steps: first, TiO 2 thin films were deposited by plasma enhanced chemical vapour deposition (PECVD) at 523 K. Details about the morphology, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 3 technique, have been reported previously [34] . Films displayed an anatase structure with a high degree of crystallinity and showed a clear columnar microstructure perpendicular to the substrate. In a second step, films were exposed to high energy nitrogen ions by means of a particle accelerator. Table I : Sample A is a test sample analysed just after deposition. Sample B represents a film deposited under the same conditions as sample A, experiencing the N + ion implantation (keeping the film at room temperature during the procedure) afterwards. The ion range within the material in these conditions has been estimated using the well-known software SRIM [35] , yielding a value of ~100 nm. Following the well-known effects of implanted ions in TiO 2 [36] , we assume that a layer with similar thickness has been subjected to a considerable lattice damage resulting in the formation of a high concentration of oxygen vacancies, point defects in the network and other related effects. Furthermore, as an additional amorphization of the film may appear along the ion tracks [37, 38] , we also analysed sample C, where the ion implantation conditions were the same as those employed for sample B, but keeping the film temperature at 400 ºC throughout the whole procedure this time, just to ensure that the film could recrystallize into the anatase structure.
Rutherford Backscattering Spectroscopy (RBS) has been utilized to assess the atom distribution profile in the films and in their implanted zones. Experiments were carried out in a 3 MeV tandem accelerator at the CNA (Sevilla, Spain) with a beam of 1.5−2.0 MeV alpha particles, accumulated doses about 1.5 μC, and ∼1 mm beam spot diameter. The RBS spectra were simulated with the SIMRNA software [39] . Results indicate that nitrogen ion bombardment caused the oxygen depletion in the implanted layer: Figure 1 shows the experimental and simulated spectra of samples A, B and C.
A comparative assessment of the shape of the Ti signal in Figure 1 clearly shows that the implanted layer in Sample B (around 100 nm) is oxygen depleted as indicated by the relative increase in the intensity of the Ti signal closer to the surface. A similar effect is observed in sample C where the variation in the intensity of the Ti signal is smoother. In other words, it seems that the implanted zones in samples B and C present some oxygen depletion resulting from an extensive formation of oxygen vacancies. This result agrees with surface conductivity measurements carried out by the fourpoint probe test. For these measurements a Keithley 617 Electrometer and a Hewlett-Packard 34401 A voltammeter were used to apply a voltage ranging between -0.25 and 0.25 V to two external probes and to measure the current flowing between two internal probes. In this way, the surface resistivity of the three samples (see Table 1 ) shows a completely different behaviour: sample A has a highly 4 resistive character, whereas samples B and C show very low resistivity, which again agrees with the observed oxygen depletion of the network lattices.
The surface state of samples after nitrogen implantation was assessed by X-ray Photoelectron Spectroscopy (XPS) recorded on a VG ESCALAB 210 spectrometer working under pass energy constant conditions. The Mg Kα line was used for excitation of the spectra, calibrated in binding energy (BE) by referencing to the C1s peak due to contamination taken at 284.6 eV. In all the samples, the O(1s) and Ti(2p) spectra were typical of TiO 2 thin films [40] , a feature that indicates that the outmost surface layers within the thickness analysed by the XPS technique have become fully oxidized due to the exposure and handling of the films in the atmosphere. Interestingly, the XPS measurements also show the existence of nitrogen species on the surface of the B and C films. Figure   2 shows the deconvolution of the N1s photoemission spectra recorded for the three samples: sample A does not contain nitrogen, a fact that is expected as it did not undergo the N + ion implantation. sites. Meanwhile, the N1s peaks at around 398.8 and 401.2 eV have been assigned to interstitial N species [41] [42] [43] , possibly bound to lattice oxygen in a kind of NO-like units. The difference between these two latter states seems to be the type of interstitial centre occupied by the nitrogen in the TiO 2 structure [37] .
The surface morphology of the films was highly affected by the ion implantation: Figure 3 shows the atomic force microscopy (AFM) images of the three investigated samples. These images were collected in an AFM dimension 3100 from Digital Instrument in tapping mode using high frequency levers, and processed with the WSxM free available software from Nanotec [48] . Roughness of the films, expressed as the root mean square (RMS) value of the surface heights, has been calculated from the images by using this software. This analysis concluded that sample A possesses a granular structure with a RMS of 1.9 nm [34] , whereas sample B (where the ion implantation took place at room temperature) shows an almost flat surface topography with an estimated value of the RMS around 0.2 nm. This is consistent with the field emission scanning electron microscopy (FESEM) characterization of these samples, which indicates that they present a sponge-like microstructure underneath, capped by a quite flat surface [38] . Meanwhile, sample C, with a RMS value of 4.7 nm, is characterized by a tilted nanorod microstructure that has been attributed to the N + implantation at 400 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 The intensity of the visible radiation at the cell position was 160 mW cm -2 . Additional details about this experiment can be found in a previous publication [23] .
The dye degradation experiments showed that sample A was able to decolorize the dye solution upon irradiation with a full range lamp (i.e. emitting in the UV and visible range) [23] , while samples B and C did not induce any photo-catalytic degradation under similar conditions (result not shown). By contrast, the illumination of the samples with either UV or visible light rendered a clear change in their WCA. Figure 4 shows the time evolution of the WCA of these samples that were first irradiated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 with visible light (zone 1), then with UV light (zone 2) and finally left in the dark (zone 3). The three samples present initially a WCA higher than 90º, thus depicting a hydrophobic behavior. Furthermore, we link the high initial WCA of sample C (130⁰) to the high roughness of the film (4.7 nm) in agreement with the premises of the Wenzel model of surface wetting [44] . Most remarkable in Figure 4 is that samples B and C experienced a continuous decrease in WCA when they were irradiated with visible light, a feature that must be linked with the incorporation of nitrogen within a stoichiometric TiO 2 lattice at the outmost surface layers of material. It is worth noting that after contacting the surface of samples A, B or C with water, the XPS spectra taken after drying did not show any significant difference with respect to the original samples, except for a broadening in the shape of the O1s spectra in the high BE side that we attribute to some additional hydroxylation of the surface.
In line with previous results [11, 23, 33, 46] , the described experiments confirm that WCA light induced-changes and photo-catalytic activity are not necessarily equivalent for testing the photoactivity of TiO 2 . According to the schemes in Figure 1 , the outmost surface layers of all samples (i.e. with a TiO 2 stochiometry throughout the whole sample thickness, presents photo-catalytic activity towards the degradation of dye molecules. According to previous investigations in our laboratory, these results confirm that there is a TiO 2 photo-activated surface mechanism responsible for changing the surface wettability behavior, even when the film do not show any noticeable response when performing dye decoloration tests [23] . In this regard, the absence of photo-catalytic activity in samples B and C must be related with the fact that their inner layers are sub-stoichiometric and, therefore, present a high concentration of oxygen vacancies. Under these conditions, it seems that the electron-hole photo-excitation processes are not efficient and that most carriers must recombine at the lattice defects, so they do not reach the surface. We tentatively called Schottky Barrier Driven Photoactivity the type of photo-catalytic activity that requires the migration of photo-generated electronhole pairs from the interior of the material up to the surface as. Therefore, our results here confirm that photo-induced WCA variations only involve mechanisms at the very first outmost monolayers of the material [33] , a response that we tentatively call shallow photo-activity.
Our results also reveal that a shallow photo-active response affecting the WCA can be induced by illuminating N-doped TiO 2 with visible light, with WCA steady-state values around 50° and 20° for samples B and C, respectively, whereas superhydrofilicity is attained with UV light. The recovery in the dark of the WCA of the three samples confirms the full reversibility of this transformation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Overall, we demonstrate that shallow and Schottky barrier driven photo-activities are not equivalent and that, consequently, they must be studied separately.
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